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Introduction
Neuregulins (NRGs) belong to the epidermal growth factor (EGF) superfamily and are encoded by four genes (NRG -1, -2, -3, and -4) [1, 2] . NRG-1 can be secreted or activated in a juxtracrine or paracrine manner through proteolytic cleavage by membrane-associated proteinases [3, 4] . There are multiple splicing events that result in the expression of many distinct isoforms of NRG-1 that likely regulate its expression and activation. The β isoform of NRG-1 is required for cardiac development and is the best studied of the NRGs in the context of cardiovascular biology and pathophysiology. Intracellular signaling is initiated when NRG binds to one of two tyrosine kinase receptors (ErbB3 or ErbB4), which induces dimer formation with each other (ErbB3/4 heterodimer, ErbB4/4 homodimer) or with ErbB2 (ErbB3/2, ErbB4/2) that couples to intracellular signaling cascades. ErbB2, which possesses an active kinase region but lacks the NRG ligand binding domain, when overexpressed is capable of constitutive activity that mediates its role as an oncogene in adenocarcinoma.
The role of NRG-1β in cardiac development has been well established, and there is a growing appreciation of the importance of the NRG-1/ErbB signaling system in the adult heart. Our understanding of NRG-1's role in both cardiovascular biology and the pathophysiology of adult heart disease is quickly evolving. Recent studies have identified both cellspecific and context-dependent effects of NRG-1. Clinical trials proceed by evaluating two isoforms of NRG-1β as a possible therapy for cardiovascular disease. We will review that progress and advance the hypothesis that endogenous NRG-1β is a mediator of reverse remodeling.
Neuregulin/ErbB Signaling as Mediator of Cardiovascular Adaptation to Stress
NRG-1β and ErbB receptors are widely expressed in the postnatal cardiovascular system (Fig. 1) . A number of studies have collectively demonstrated the role of NRG-1/ErbB signaling in maintaining normal physiology of the adult cardiovascular system, which have been reviewed in detail elsewhere [1, 5, 6] . Multiple studies have independently demonstrated a role for NRG-1 in regulating the adult heart adaptation to physiological and pathological stress. NRG-1 evokes cellular and systemic effects that support an adaptive role for NRG-1/ErbB signaling under a variety of conditions (Fig. 1 ). For instance, NRG-1β enhances cardiomyocyte cell survival [7] , cardiac differentiation of embryonic stem cells [8] , cell migration [9, 10] , angiogenesis [11] , cytoskeletal assembly [9] , excitation coupling [12] , neuromuscular junction formation [13] , and possibly cardiac interstitial matrix structure [14, 15] . Depending on cell type and context, NRG-1 activates one or more signaling cascades, including mitogen-activated protein kinase (MAPK), PI3K/AKT, p70/S6K, and Src/FAK pathways [7, [16] [17] [18] .
ErbB2 and ErbB4 receptors mediate the effects of NRG-1β in cardiac myocytes, and each appears to play distinct roles in coupling to intracellular signaling and cellular events [19] . For example, ErbB2 appears to be required for activation of focal adhesion formation, one downstream pathway that is implicated in the maintenance of electrical and mechanical coupling in adult rat ventricular myocytes by NRG-1β [20] . Since ErbB2 has no ligand binding ability, its involvement in NRG-1β signaling is reliant upon heterodimerization with ErbB4 in cardiac myocytes. In contrast, NRG-1β activation of ErbB4 couples to PI3K/AKT with protection of cardiomyocytes against apoptosis, as well as mediating metabolic events [18] . The intracellular mediators of NRG-1β/ErbB signaling in cardiomyocytes also include extracellular-regulated kinase (ERK1/2) [17] , nitric oxide synthase [21, 22, 23 ••], and cardiac myosin light chain kinase (cMLCK) [24] . NRG-1β/ErbB signaling promotes cardiomyocyte survival and proliferation and supports normal cellular functions [7, 19, 20] . NRG-1β activation of ErbB4/4 homodimers will activate PI3K/AKT, which appears to feed back on activation of ERK1/2 and regulation of cellular hypertrophy [25] .
Cardiac endothelial cells isolated from the rodent heart express multiple isoforms of NRG-1α and β, most of which are inactive transmembrane proteins [26] . In response to stress, NRG-1β is proteolytically released by cardiac microvascular endothelial cells activating ErbB receptors in neighboring cells [21] . Expression of NRG and its receptors fluctuates in response to injury, physiological and pathological stress, and metabolic status. NRG-1/ErbB signaling is strongly activated in tissue under a variety of stressed conditions, including cardiac ischemia/reperfusion [18] , exercise [27] , cerebral ischemia and reperfusion [28] [29] [30] , and hind-limb ischemia [31•] . Inhibition of ErbB2 activity in the heart or NRG-1 expression in endothelial cells severely impairs cardiac contractile recovery after ischemic injury [32••, 33] . NRG-1 "preconditioning" is both cardioprotective [34] and neuroprotective [28] from subsequent injury. NRG/ErbB expression levels are dynamic and incompletely understood at present. For example, ErbB2 and ErbB4 mRNA and protein levels are increased in response to ventricular pressure overload during compensatory cardiac hypertrophy in mouse models but are reduced after transition to heart failure [35] . Expression of NRG-1, as well as ErbB2/ErbB4, is likewise reduced in rats with diabetic cardiomyopathy [36] . Conversely, ventricular NRG-1 is increased in patients with advanced heart failure, while ErbB2 and ErbB4 expression and activity are reduced, in accordance with what has been observed in animal models [37] . Metabolic stress associated with ATP depletion shuts off NRG responsiveness via degradation of ErbB2, which might add yet another layer of complexity to the NRG puzzle [38] .
The importance of NRG-1/ErbB signaling in the maintenance of adult human heart health is demonstrated by the cardiovascular side effects associated with the anticancer agent trastuzumab [39] . Approximately 25 %-30 % of breast tumors overexpress ErbB2 (also called HER-2), which, in this context, functions as an oncogene that increases tumor aggressiveness and worsens prognosis [40] . A humanized monoclonal antibody that targets ErbB2 (i.e., trastuzumab) was developed as an adjuvant chemotherapeutic agent and was tested in combination with standard chemotherapy in 470 women with metastatic breast cancer, as compared with 504 patients who received standard therapy alone (doxorubicin, epirubicin, cyclophosphamide, or paclitaxel). Addition of trastuzumab to standard chemotherapeutic agents lessened tumor progression, decreased early mortality, and increased survival [41] . However, adjuvant trastuzumab treatment resulted in adverse cardiac effects, including a high incidence of LV systolic dysfunction, particularly in those who received concurrent anthracyclines [41, 42] . Similar results were obtained in two follow-up trials [43, 44] , which led to the implementation of new treatment guidelines, including routine assessment of cardiac function (e.g., left-ventricular ejection fraction [LVEF]) during and after trastuzumab treatment [44] [45] [46] [47] . The mechanisms for this effect remain incompletely understood but support the overall concept that intact myocardial ErbB2 signaling plays a role in maintenance of the human heart.
Neuregulin as a Marker of Cardiovascular Health
Motivated by findings that exercise and injury of skeletal and cardiac muscle activate proteolytic release of NRG-1β in rodents, we and others have found that NRG-1β is detectable in the circulation of humans, where it relates to some degree to cardiovascular health (Table 1) . While, in healthy subjects, levels correlate with cardiopulmonary fitness [57] , in a number of cardiovascular disease cohorts, levels relate to cardiac stress. In a large cohort of systolic heart failure patients, including 293 individuals with ischemic cardiomyopathy and 606 persons with nonischemic heart failure, circulating levels of NRG-1β were significantly higher in patients with ischemic cardiomyopathy, and higher levels were associated with an increased risk of death or cardiac transplantation [58] .
When the patients were stratified by disease severity using the New York Heart Association functional classification system, NRG-1β levels were also found to correlate with disease severity (i.e., higher NRG-1β levels in classes III and IV, as compared with class I or II) [58] . A subsequent study likewise found higher levels of NRG-1β in both plasma and serum of patients with coronary artery disease (CAD) who exhibited stress-induced ischemia [59] . However, circulating levels of NRG-1β in stable CAD patients were found to be inversely correlated with angiographic severity of disease [59] . In patients with unstable angina pectoris, on the other hand, serum NRG-1β levels were recently shown to be increased, as compared with age-matched controls [61••] . Serum NRG-1β levels in these same patients were positively correlated with vascular endothelial growth factor (VEGF) and angiopoietin-1 (Ang-1) levels [61••] , which hints at potential signaling cross-talk between NRG and VEGF/Ang-1 pathways. One caveat with each of these studies is that current assays measure the pool of all NRG-1β present in the sample. Perhaps as further refinements in the assay are made, we might distinguish distinct tissue sources of NRGs and, thereby, develop a refined understanding of the relationship between levels and disease states.
Interestingly, NRG-1 may also provide a link between psychiatric and cardiovascular diseases. Given the critical role of NRG-1 in central nervous system development, it is perhaps not surprising that it has been identified in genome-wide association studies as a schizophrenia susceptibility gene [63] [64] [65] [66] . Schizophrenia patients have a threefold higher risk for sudden cardiac death (SCD) than the general population [67, 68] , prompting an investigation into whether schizophrenia-related variants of NRG1 are associated with increased SCD susceptibility [62] . Patients from the ongoing prospective Oregon Sudden Unexpected Death Study who presented with ventricular fibrillation (n =340) and control subjects (n =342) were genotyped for 17 single nucleotide polymorphisms, one of which is located in the NRG1 gene. Out of the 17 genes, only the SNP located in the NRG1 gene was significantly associated with SCD. The authors validated their findings in 1,853 individuals from the Harvard Cohort SCD study and suggested that this nonsynonymous (methionine ➔ threonine) SNP in the NRG1 gene might be the first comorbid SNP that links schizophrenia and SCD. On the basis of these findings, it appears that the NRG-1/ErbB signaling network is a complex, multifunctional system that is not bound by the lines separating different clinical pathologies.
Neuregulin-1β as a Heart Failure Therapy
Recombinant NRG-1β has been evaluated as a potential therapy in many animal models of heart injury, including myocardial infarction, ischemia/reperfusion injury, diabetic cardiomyopathy, myocarditis, and chronic rapid pacing (Table 1) . Intravenous administration of recombinant NRG-1β in rats after left anterior descending artery (LAD) ligation resulted in reduced ventricular pressure and increased capillary density in fibrotic lesions at the periphery of the infarct [48] . Improvement in cardiac function was still observed in treated rats, albeit less markedly, even when rhNRG-1 was not administered until 2 months after LAD ligation [48] . These findings could be interpreted as NRG-1β -stimulated reverse remodeling, as opposed to merely preventing compensatory changes in cardiac dimensions and function. 2012 Post-MI (rats) IV daily for 10 days, 4 weeks after ligation Improved LV remodeling and cardiac function, reduced mitochondrial dysfunction, myocyte apoptosis, and oxidative stress [51] 2010 Ischemic/post-MI (rats) IV for 20 min before I/R Improved LV structure, decreased ischemia and apoptosis [34] 2013 Post-MI (rats) IV, every 2 days, 8 weeks Improved LV contractile function, corrected altered metabolic gene expression
2011 Post-MI (swine) 0.67 mg/kg or 2 mg/kg IV, twice a week from 7 to 35 days post-MI Improved LV contractile function, mitochondrial morphology, ECM structure, and intercalated disc integrity [14] 2011 Diabetic CM (rats) 10 μg/kg IV every 2 days for 2 weeks Improved LV function, decreased apoptosis and fibrosis [53] 2012 Post-MI (rats) rhNRG-carrying lentivirus injected into infarcted area
Increased angiogenesis, decreased apoptosis [54] Human studies as therapy 2010 CHF, Phase II, multicenter EGF-domain of NRG-1β, 10-h IV infusions for 10 days Improved and sustained LVEF%, decreased LVEDV/ LVESV at 30 and 90 days (n =44) [55] 2011 Stable CHF, single center, prospective EGF-domain of NRG-1β, 12 h for 10 days Acute increase in CO, Improved LVEF, decrease of serum NA and ALD (n =15) [ 
56••]
Human biomarker studies 2009 Cardio-respiratory fitness NA Serum NRG-1beta is correlated with maximum O2 intake (n =9 normal men) [57] 2009 Systolic heart failure Serum NRG-1β correlates with disease severity, risk of death, transplant (n =899) [58] 2011 Coronary artery disease Circulating NRG-1β inversely correlated with angiographic severity of CAD (n =60) [59] Stress-induced ischemia Circulating NRG-1β levels are higher in patients with stress-induced ischemia (n =23), as compared to those without (n =37) 2013 Breast cancer Circulating NRG-1β correlates with adverse cardiac effects (n =78) [60] 2013 Unstable angina pectoris Serum NRG-1β levels higher in patients with UAP (n =57) versus controls (n =36) [ 
61••]
2013 Harvard Cohort SCD Missense variant of NRG-1 gene is associated with sudden cardiac death (SCD: n =340; Controls: n =342) [62] More direct evidence for NRG-1β's role in remodeling is its apparent antifibrotic effects in several animal models of heart failure. In rats with diabetic cardiomyopathy, NRG-1 attenuates myocardial interstitial fibrosis [53] . We have also observed reduced fibrosis in a swine model of cardiomyopathy after treatment with recombinant glial growth factor 2 (GGF2) [14] , which is a pseudonym for NRG-1β3, a longer NRG-1 isoform (type II) that contains a Kringle domain in addition to the immunoglobin-like and EGF-like domains that characterize NRG-1 type I isoforms [69] . Treatment of primary murine fibroblasts with recombinant type I NRG-1β caused a reduction in the profibrotic myofibroblast phenotype, along with down-regulation in TGFβ-induced fibrotic transcripts and proteins [70] .
Recent progress has been made in the effort to develop NRG-based therapies using what has thus far been learned from patient prospective studies and animal models. Two phase II human trials have reported that daily infusions of recombinant human NRG-1 (rhNRG-1) was safe and welltolerated in patients with stable chronic heart failure [55, 56••]. The first published trial was a randomized phase II, doubleblind multicenter study including 44 subjects with chronic heart failure [55] . Participants were given daily infusions of rhNRG-1 or a placebo for 10 days, in addition to standard therapy [55] . At day 30, patients who had received rhNRG-1 exhibited significantly increased LVEF [55] . Most interesting, patients who received the 10-day rhNRG-1 infusion therapy showed reduced end-systolic and end-diastolic volumes at day 30 that continued to day 90 [55] . This was the first human study to demonstrate a role for NRG-1 in reverse remodeling. Another clinical trial, published in 2011, demonstrated improved and sustained hemodynamics in a cohort of 15 patients with chronic heart failure who received daily infusions of rhNRG-1 for 10 days [56••] . Larger ongoing trials include a phase II interventional study aimed at determining the efficacy and safety of rh-NRG-1 in 120 patients with chronic heart failure, a phase III trial to evaluate the efficacy of subcutaneous administration of rhNRG-1 in 120 patients with chronic systolic heart failure, and a phase III trial to measure the effects of rhNRG-1 treatment on the death rate in 1,600 chronic heart failure patients (study details provided at http:// www.clinicaltrials.gov [NCT01251406, NCT1214096, and NCT01541202]).
A phase I trial to evaluate the safety of the GGF2 version of NRG-1β in 40 patients with left-ventricular dysfunction and symptomatic heart failure was recently completed (NCT01258387). Administration of a single dose was generally well tolerated, and trial participants who received GGF2 showed a consistent and dose-responsive increase in ejection fraction at 28 days that was sustained up to 90 days [71, 72] . Preliminary data suggest that a single dose of GGF2 has similar efficacy to the EGF-domain-only fragment of NRG-1β (rhNRG-1) given over multiple days.
Perhaps this is due to the presence of an additional domain (i.e., the Kringle domain) in GGF2 that is not present in rhNRG-1. More detailed mechanistic studies are warranted to address the relative potency of rhNRG-1 and GGF2.
Despite the mounting evidence that NRG exerts beneficial effects in the setting of heart disease, some caution is warranted as these studies proceed. One issue is the possibility that specific disease states may change myocardial response to exogenous NRG. An example of this was the demonstration that diabetes abrogates compensatory NRG/ErbB receptor responses to MI in rats [73] . In neonatal cardiomyocytes, the fatty acid palmitate not only reverses the protective effects of NRG-1β, but also causes a drastic increase in apoptosis [74] . These negative effects are alleviated in the presence of the monounsaturated fatty acid oleate. If applicable to humans, these data have important implications for dietary interactions in patients who receive NRG treatment. There is also concern that NRG treatment might exert "off-target" effects by nature of its mitogenic properties as a growth factor and the well-established role of ErbB2 as an oncogene in a variety of malignancies. To address this issue, a bivalent version of NRG was engineered to preferentially target ErbB4 homodimer activation, thereby preventing doxorubicin-induced cardiomyocyte death without activating or potentiating cancer cell signaling [75••, 76, 77] . Further studies are clearly warranted to determine whether this or other modified ligands or alternative delivery methods are needed to increase the therapeutic window for NRGs.
Mechanisms of NRG's Effects on the Adult Cardiovascular System: Beyond Regulation of Cardiac Myocyte Biology
Our knowledge about the role of NRG-1 and its receptors in the cardiovascular system is in rapid evolution, with a great deal more to learn. The variety of NRG-1-mediated biological effects in different cell types implies that NRG-1/ErbB signaling is required for the adaptive response of the cardiovascular system to changes in cardiac demand ( Table 2) . As was discussed above, the role of NRG/ErbB signaling in the regulation of cardiac myocyte biology is well established. More recently, it has become clear that intact NRG-1/ErbB signaling is a prerequisite for normal cardiac adaptation to the physiological stress of pregnancy [98] . Adaptation to exercise has yet to be established, although the positive correlation between aerobic capacity and serum NRG-1β suggests that that may be the case [57] . These data suggest the intriguing hypothesis that NRG activation in skeletal muscle may act through release in the circulation to regulate cardiac function at a distance. A similar interesting story of NRG having effects at a distance is the role of NRG-1/ErbB signaling in the central nervous system rostral ventrolateral medulla, a region of the brainstem crucial for blood pressure control [89] .
A schematic of known NRG-1/ErbB signaling and its general effects in the central nervous system, blood, and heart is shown in Fig. 1 . In addition to cardiac myocytes in the heart, both endothelial cells and fibroblasts are responsive to NRG-1β, and these may be involved in its effects on cardiovascular disease. NRG induces angiogenesis in vascular endothelial cells in several tissue beds [31•] . NRG-1β also regulates endothelial progenitor cells (EPCs) via ErbB2/ErbB3 receptors to support survival of EPCs [92•] . The possibility that NRG-1β has direct effects on cardiac fibrosis is rapidly evolving. A recent study of hypertrophic skin fibroblasts suggests that NRG induces scarring in these cells [99] , but in cardiac fibroblasts, NRG appears to be antifibrotic [14, 70] . In post-MI swine, infusion of the GGF2 isoform of NRG-1β reduces fibrosis remote from the site of infarct [14] . When compared with untreated control animals, left-ventricular tissues of GGF2-treated swine have fewer αSMA positive myofibroblasts, on the basis of immunohistochemistry, and the cardiac matrix is visually more organized when tissue is macerated and viewed by scanning electron microscopy [14] . We are finding that primary rat, mouse, and human cardiac fibroblasts respond to NRG-1β with antifibrotic signaling.
Chronic heart failure (CHF) is characterized by immune activation to a degree that is correlated with CHF severity and [78] [79] [80] Altered excitation-contraction coupling NRG-1β attenuates doxorubicin-induced excitation-coupling changes [12] Altered energy metabolism NRG-1β reduces oxidative stress, attenuates mitochondrial dysfunction in rats with HF, induces glucose uptake and protein synthesis [12, 26, 51, 81] Altered myofibrillar content and function NRG-1β enhances sarcomere organization, reduces anthracyclineinduced disarray, myofibrillar degradation [12, 16, 17, 48] Apoptosis/Necrosis NRG-1β prevents apoptosis in rats with diabetic CM or doxorubicininduced CM, in rhesus monkeys with rapid-pacing HF, and cardiomyocytes in vitro [5, 7, 18, 19, 48, [82] [83] [84] [85] Conduction Increased collagen synthesis, fibrosis NRG-1β decreases collagen synthesis and fibrosis in diabetic rats with CM, dramatic LV fibrosis observed in conjunction with impaired NRG-1β/ErbB expression in diabetic rats [36, 53] Fibroblasts Myofibroblast conversion/ activation, fibrosis Improved ECM structure and fewer ventricular myofibroblasts in NRG-1β-treated post-MI swine, reduced expression of myofibroblast markers, collagens, and profibrotic matricellular proteins in NRG-1β-treated swine and isolated rodent cardiac fibroblasts [14] Immune cells Accumulation of leukocytes NRG-1β treatment decreases lymphocytic infiltration in viral CM, expression induced in activated monocytes in atherosclerotic plaques, increased leukocyte accumulation in NRG-1-deficient ECs, EC-derived NRG-1β protects against ischemic injury, NRG-1β inhibits development of inflammation in brain of ischemia/ reperfusion rats, NRG-1β prevents IL-1β-induced endothelial permeability, NRG-1β decreases activation of monocytic cells, IL-6, TNF-α and IL-8 increased in lymphoblastoid cells from patients with mutation that may affect NRG-1β bioavailability [28, 32••, 48, 94-97] disease progression [100] [101] [102] [103] . There is some evidence suggesting that NRG-1/ErbB signaling plays a role in the regulation of immune cell activation. Protein expression of ErbB2, ErbB3, and ErbB4 receptors has been found in human circulating blood monocytes [28, 104] . Moreover, during differentiation of human monocytes into macrophages, NRG, ErbB3, and ErbB4 expression levels are up-regulated, and NRG-1 prevents transition of macrophages into foam cells [105, 106] . On the basis of this observation, along with multiple other studies [12, 21, 22, 26, 32••, 53, 81, 89, 94, 107] , NRG has emerged as a possible mitigator of atherosclerosis and restenosis [108] . However, only a few investigations have been conducted to directly address this hypothesis. For example, chronic infusion of NRG-1β in apolipoprotein-Edeficient mice prevented macrophage infiltration and atherosclerotic lesions [106] . NRG-1β has also been shown to attenuate carotid artery neointimal formation in ballooninjured rats [10] and to diminish ischemic damages in several rat models [24, 29, 48, 94] . Thus, NRG may have effects on immune system function that provide additional benefits in the setting of heart disease.
Conclusions
NRG/ErbB signaling has emerged as an important determinant of cardiovascular function in the adult, and promising clinical data suggest that recombinant NRGs may become a new class of cardiovascular therapies that directly promote reverse remodeling in systolic heart failure. A better understanding of NRG-1's role in this context, including an in-depth knowledge of effects on the many cells that regulate this process, is paramount to the development of therapeutics that fully harness the beneficial effects of this pathway. Further exploration of how endogenous NRG/ErbB signaling is regulated may provide new insights into how we might prevent cardiac injury, preserve cardiac function, and promote recovery of myocardial function under various clinical conditions. NRG's role as a regulator of progenitor cell populations and as an adjunct in regenerative therapies also warrants further investigation. The ongoing program examining the clinical translation of recombinant NRGs promises to further illuminate the role and potential of this multipotent growth factor.
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